The chb operon of Escherichia coli is involved in the utilization of the ␤-glucosides chitobiose and cellobiose. The function of chbG (ydjC), the sixth open reading frame of the operon that codes for an evolutionarily conserved protein is unknown. We show that chbG encodes a monodeacetylase that is essential for growth on the acetylated chitooligosaccharides chitobiose and chitotriose but is dispensable for growth on cellobiose and chitosan dimer, the deacetylated form of chitobiose. The predicted active site of the enzyme was validated by demonstrating loss of function upon substitution of its putative metal-binding residues that are conserved across the YdjC family of proteins. We show that activation of the chb promoter by the regulatory protein ChbR is dependent on ChbG, suggesting that deacetylation of chitobiose-6-P and chitotriose-6-P is necessary for their recognition by ChbR as inducers. Strains carrying mutations in chbR conferring the ability to grow on both cellobiose and chitobiose are independent of chbG function for induction, suggesting that gain of function mutations in ChbR allow it to recognize the acetylated form of the oligosaccharides. ChbR-independent expression of the permease and phospho-␤-glucosidase from a heterologous promoter did not support growth on both chitobiose and chitotriose in the absence of chbG, suggesting an additional role of chbG in the hydrolysis of chitooligosaccharides. The homologs of chbG in metazoans have been implicated in development and inflammatory diseases of the intestine, indicating that understanding the function of E. coli chbG has a broader significance.
H
eterotrophic bacteria can utilize several naturally available compounds as carbon and/or nitrogen source. Carbohydrates, produced by plants, animals, fungi, and other microorganisms, form a significant part of the compounds present in natural environments (38) . The ability to utilize a variety of carbohydrates has been shown to provide a selective growth advantage to bacterial species in competitive ecological niches, such as the mammalian intestine, and in the colonization of their host organisms by many pathogenic bacteria (2, 9, 12, 37, 50, 56, 57, 59) . Thus, it is important to understand the mechanisms by which bacteria regulate the utilization of carbohydrates in different environments.
Many bacteria secrete extracellular hydrolases that degrade naturally occurring polysaccharides such as starch, cellulose, hemicelluloses, pectin, and chitin into mono-, di-, and oligosaccharides which are then taken up and metabolized by the bacteria (38) . Despite the presence of a gene for chitinase, Escherichia coli is unable to degrade chitin (23) . However, it has been shown to be able to utilize diacetyl chitobiose, the ␤-1,4-linked disaccharide of N-acetylglucosamine, and the major end product of chitin degradation (34) .
Utilization of chitobiose by E. coli is mediated by the chb-BCARFG genes of the chb operon. The subunits IIB chb , IIC chb , and IIA chb , encoded by chbB, chbC, and chbA, respectively, constitute the permease that transports chitobiose across the inner membrane and concomitantly phosphorylates it at the C-6 position of the GlcNAc residue at the nonreducing end, resulting in the accumulation of intracellular chitobiose-6-P (30, 31, 35) . The chbF gene codes for a phospho-␤-glucosidase with activity toward phosphorylated ␤-glucosides (60), and chbR codes for an AraC family dual function repressor/activator (45) .
The chb operon is regulated by three transcription factors: NagC, a key regulator of the nag genes involved in amino sugar metabolism; ChbR, a dual function operon-specific regulator; and CRP-cyclic AMP (CRP-cAMP) (45) . NagC, along with ChbR represses the operon in the absence of the inducer. The presence of chitobiose abrogates NagC-mediated repression and produces an activating signal for ChbR that along with CRP-cAMP activates transcription from the chb promoter (45) . The chb operon has also been shown to be involved in the utilization of cellobiose, a disaccharide of glucose, in E. coli strains carrying mutations that alter the regulation of the operon (29) .
Although the role of the chb operon in the utilization of chitobiose and cellobiose has been established, the function of the chbG gene that forms a part of the operon remains unknown. It encodes a protein that belongs to the YdjC family of proteins characterized by the presence of a conserved YdjC domain and comprises of 184 bacterial and 11 eukaryotic proteins (7). Brombacher et al. (14) have reported the upregulation of the chbG mRNA in an E. coli mutant carrying the ompR234 upmutation, but the significance of this upregulation is unclear.
The present study was initiated to investigate the role of chbG in the utilization of chitooligosaccharides by E. coli. Our results indicate that ChbG is a chitooligosaccharide deacetylase. Deacetylation is necessary for both the ChbR-mediated activation of the chb operon and the hydrolysis of these oligosaccharides by ChbF, thereby establishing an essential role of chbG in the growth of E. coli on chitooligosaccharides as sole carbon source.
MATERIALS AND METHODS
Sugars and chemicals. Chitobiose, chitotriose, and chitosan dimer were purchased from the Seikagaku Biobusiness Corp. (Japan), Megazyme International (Ireland), Dextra Laboratories (United Kingdom), and Toronto Research Chemicals (Canada). Cellobiose and sodium succinate dibasic hexahydrate were purchased from Sigma-Aldrich Corp.
Construction of bacterial strains. Bacterial strains used in the study are described in Table 1 . Strains carrying deletions of different genes were constructed by replacing the wild-type locus with an antibiotic cassette using the red recombination method (18) . Primers used for amplification of different deleted loci and the corresponding donor strains are listed in Table S1 in the supplemental material. Strain JM-Rji88 (⌬nagC The strain was selected on M9 minimal cellobiose agar plate for its ability to utilize cellobiose. The presence of the chbR-N238S allele was verified by mismatch amplification mutation assay PCR (MAMA-PCR) (16) . Similarly, strains JM-Rji90, JM-Rji91, JM-Rji92, and JM-Rji94 were constructed by replacing the wild-type chbR locus of JM-Rji84 with the chbR-K184E, chbR-N137K, chbR-F146L, and chbR-S135A alleles, respectively, amplified from Cel ϩ mutants (29) . However, upon sequencing the chbR locus from strains selected on M9 minimal cellobiose medium, it was found that JM-Rji91 carries the chbR-K184E mutation in addition to the chbR-N137K and JM-Rji94 carries the chbR-S134P instead of S135A. These differences possibly arose during selection on M9 cellobiose, but the strains showed a Cel ϩ phenotype and increased level of induction of the chb promoter in the presence of cellobiose. Strain JM-Rji102 was constructed by first replacing chbBCARF, including the promoter and operator region of JM-Rji84, with the cat cassette, followed by the replacement of chbG with ⌬chbG::kan of JW1722-2 (⌬chbG::kan). The strain, therefore, carries a deletion of all of the ORFs, along with the operator and promoter of the chb operon in a ⌬nagC background. Antibiotic cassettes from strains were removed by transformation with the plasmid pCP20 and subsequent culture of the strain at 42°C, followed by isolation of sensitive colonies (17) . Removal of the cassette was verified by PCR.
Construction of plasmids. For the construction of the plasmid pACDH-wt-chbG carrying the wild-type chbG gene of E. coli, the chbG locus was amplified from JM-chb1 using the primers SCV34 carrying an NcoI site and Rp chbG carrying an EcoRI site (see Table S2 in the supplemental material). The NcoI-EcoRI fragment carrying the wild-type chbG gene was cloned into the vector pACDH using the NcoI and EcoRI restriction sites. Plasmid p99A-wt-chbG was constructed by subcloning the teh wild-type chbG gene from pACDH-wt-chbG into pTRC99A at the NcoI and EcoRI restriction sites. Plasmid pACDH-chbF was constructed by deleting the sequences that code for chbBCA from the plasmid pchbBCAF (29) using the SacI and NcoI sites. Plasmid pACDH-A0904 carrying the A0904 gene of Vibrio cholerae 0395 that encodes the chbG homolog was constructed by introducing the A0904 sequence into pACDH at the NcoI and EcoRI sites. Plasmids pACDH-A0899SP and pACDH-A0899 that carry the full-length chitooligosaccharide deacaetylase (COD) gene and a variant without the signal peptide, respectively, were constructed as follows. The A0899 locus of V. cholerae 0395 specifying the COD gene was amplified (either the full-length gene or the shorter version obtained by excluding the 78 bp that specifies 26-amino-acid signal peptide [39] at the N terminus) using the primers listed in Table S2 in the supplemental material and cloned at the NcoI and EcoRI sites of pACDH. Plasmids pTRC99A-A0899 and pTRC99A-A0899SP were constructed by subcloning the A0899 and A0899SP segments from pACDH-A0899 and pACDH-A0899SP into pTRC99A using NcoI and EcoRI sites. Plasmid pACDHSschbG was constructed by cloning the chbG locus of Shigella sonnei strain AK1 at the NcoI and EcoRI sites of pACDH.
Measurement of ␤-galactosidase activity from chb-lacZ transcriptional fusion. Measurement of ␤-galactosidase activity in reporter strains that carry chb-lacZ fusion was performed based on the protocol of Miller (42) with the modifications as described below. Briefly, the strains were grown in 0.1 to 0.2 ml of M9 minimal medium supplemented with 0.4% sodium succinate as a carbon source and different sugars as inducers in a 1.5-ml microcentrifuge tube at 32°C with aeration. The inducing concentration of chitobiose, chitotriose, and chitosan dimer was 2 mM and of cellobiose was 10 mM. Each assay was carried out in triplicate.
Growth of strains on ␤-glucosides as sole carbon source. Strains were cultured in L broth till early stationary phase, centrifuged, and washed twice with M9 medium without carbon source, and appropriate dilutions were made in the same medium. Subsequently, 1.5 l of the diluted samples was spotted onto M9 minimal agar plates (3 mm) supplemented with the ␤-glucoside being tested as the sole carbon source. At the same time, the strains were also spotted on M9 minimal agar plates containing 0.4% glycerol as sole carbon source as a positive control. For the growth of the Shigella sonnei strain AK1, 12.5 g of nicotinic acid/ml, 45 g of methionine/ml, and 20 g of tryptophan/ml were added to medium as reported earlier (1) . The concentration of chitobiose, chitotriose, and chitosan dimer used was 2 mM and of cellobiose was 10 mM unless indicated otherwise.
Site-directed mutagenesis of wild-type chbG. Site-directed mutagenesis was carried out using p99A-wt-chbG as a template plasmid using overlapping mutagenic primers listed in Table S2 in the supplemental material. The mutagenic primers were designed using the Primer X bioinformatics tool available online (http://www.bioinformatics.org/primerx). Mutagenesis was carried out using the QuikChange site-directed mutagenesis protocol (Stratagene). Plasmids carrying the mutant chbG were confirmed by sequencing (Macrogen, South Korea).
Semiquantitative reverse transcription-PCR (RT-PCR).
RNA was extracted from the Cel ϩ mutant J-MCP01 grown in L broth in the presence of 10 mM cellobiose as inducer and treated with DNase I to remove traces of genomic DNA. cDNA was prepared from the RNA using random hexamers and used as a template to amplify the chbFG region using the primers Fp RTchbF and Rp RTchbG (see Table S2 in the supplemental material).
Purification of ChbG. Wild-type chbG was cloned in pPROEX.HTb (Invitrogen) at BamHI and EcoRI sites in frame with the hexahistidine residues at the N terminus of the ORF, resulting in pHTb-wt-chbG. The fusion protein was functional in vivo, as confirmed by its ability to restore induction of a chb-lacZ transcriptional fusion in the presence of chitobiose in the ⌬chbG strain, JM-chb1⌬chbG. The histidine-tagged ChbG was purified by using Ni-NTA resin. A 1-liter culture of JM-chb1⌬chbG/ pHTb-wt-chbG in L broth grown to an optical density at 600 nm of ϳ0.8 was induced by adding 0.1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) and allowed to grow further for 7 h. The culture was centrifuged, and the pellet was resuspended in 35 ml of sample buffer (100 mM Tris, 0.5 mM EDTA, 250 mM sucrose [pH 7.0]) and subjected to sonication. Cell lysate was collected by centrifugation and mixed with preequilibrated 2 ml of Ni-NTA resin with equilibration buffer (50 mM Tris, 0.5 M NaCl [pH 7.0]) and kept on a rotor for ϳ2.5 h. The mixture was transferred to a column and washed with 80 ml of wash buffer (50 mM Tris, 0.5 M NaCl, 50 mM imidazole [pH 8.0]). The protein was eluted in 15 ml of elution buffer (50 mM Tris, 0.5 M NaCl, 0.5 M imidazole [pH 8.0]), checked by SDS-PAGE, and subsequently dialyzed using 1ϫ phosphate-buffered saline and stored at 4°C. The protein concentration was determined by the Bradford method (13) .
Deacetylation assay by mass spectrometry. A 50-l reaction mix containing 20 mM HEPES buffer (pH 7.0), 5 M purified ChbG, and 10 mM chitobiose with or without 2 mM magnesium was incubated at 37°C for 4 h. The contents were mixed with ␣-cyano-4-hydroxycinnamic acid (CHCA) matrix and subjected to matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) analysis in a Bruker Daltonics Ultraflex MALDI TOF/TOF mass spectrometer. Chitobiose dissolved in water was used as a control. Spectra were analyzed using the FlexAnalysis software. For electrospray ionization mass spectrometry (ESI-MS), all reactions were set up without magnesium, and the protein was removed by using a 3,000-molecular-weight-cutoff Vivaspin 500 device (Sartorius) before being subjected to MS analysis. Samples were analyzed using a Bruker Daltonics ESI-MS instrument.
interval (Fig. 1A) . These studies showed a transcript reading into the chbG gene, indicating that chbG forms a part of the chb operon (Fig. 1B) .
chbG is essential for the utilization of chitobiose and chitotriose but not cellobiose. To investigate the involvement of chbG in the utilization of different ␤-glucosides, a strain carrying a deletion of the chbG locus was used to monitor ␤-glucoside catabolism in different genetic backgrounds. The chbG mutant was grown on medium supplemented with different chitooligosaccharides as the sole carbon source. Although the wild-type parent strain showed growth on chitobiose and chitotriose, the chbG mutant strain failed to grow on these substrates, indicating the essential role of chbG in the utilization of chitooligosaccharides ( Table  2) . Introduction of a plasmid carrying the wild-type chbG gene restored the growth of the chbG mutant on both chitobiose and chitotriose ( Table 2) .
The chb operon has been shown to be involved in the utilization of cellobiose after acquiring mutations that alter the regulation of the operon (29) . To test the role of chbG in the utilization of cellobiose, the chbG deletion was moved to the Cel ϩ strain JMRji89 that harbors a deletion of the nagC locus encoding a repressor of the chb operon and a gain of function mutation, N238S, in the transcriptional regulator chbR. Unlike wild-type strains of E. coli this strain can grow on both cellobiose and chitobiose ( Table  2) . Loss of chbG function had no effect on growth on cellobiose, but resulted in a loss of growth on chitobiose, suggesting that chbG, while necessary for the utilization of chitobiose, is dispensable for the utilization of cellobiose ( Table 2) .
chbG encodes a deacetylase. The transport of many ␤-glucosides occurs in two steps. In the first step, porins present in the outer membrane transport the sugar from outside the cell into the periplasm. In the second step, the sugar is transported into the cytoplasm across the inner membrane by sugar-specific permeases with the concomitant phosphorylation of the sugar. If chbG has any role in transport, it is unlikely to be at the step of transport across the inner membrane since the permease composed of the IIA chb , IIB chb , and IIC chb subunits has been shown to be sufficient for the transport and phosphorylation of chitobiose across the inner membrane (35) . Alternatively, ChbG could be a specific porin that transports chitobiose across the outer membrane.
A chitoporin has been identified and characterized in Salmonella enterica serovar Typhimurium LT2, Vibrio furnissii, and E. coli (11, 32, 43) . The chitoporin encoded by chiP in Salmonella was found to be essential for growth on chitotriose but not on chitobiose (11) . In E. coli, the counterpart of chiP is encoded by ybfM. A ybfM mutant of E. coli failed to grow on chitotriose as the sole carbon source, but showed normal growth in the presence of chitobiose ( Table 2 ), demonstrating that the chitoporin in both Salmonella and E. coli is specific for chitotriose. If chbG encodes a specific porin for chitobiose, its essential role in the utilization of Growth on ␤-glucosides as the sole carbon source
a ϩ, ϩ/-, and -, normal growth, poor growth, and absence of growth, respectively. NA, not analyzed. (GlcNAc) 2 , (GlcN) 2 , (GlcNAc) 3 , (Glc) 2 , and Gly represent chitobiose, chitosan dimer, chitotriose, cellobiose, and glycerol, respectively.
chitotriose in the presence of functional ybfM cannot be explained. The indispensable role of chbG in the growth on both chitotriose and chitobiose therefore suggests a function which is common to both sugars. The observation that chbG is dispensable for growth on cellobiose suggests that ChbG is likely to modify chitobiose, producing a compound that resembles cellobiose. The striking difference between the two sugars is the presence of amino and acetyl groups in both chitobiose and chitotriose which are lacking in cellobiose (see Fig. S1 in the supplemental material) . Recently, the crystal structure of TTHB029, a homolog of chbG in Thermus thermophilus, was reported and, in a search for structurally similar proteins, it was found that the overall structure and metal-binding residues of TTHB029 and SpPgdA, a peptidoglycan GlcNAc deacetylase from Streptococcus pneumoniae, were conserved (10, 28) . Based on these observations we hypothesize that chbG encodes a deacetylase of chitobiose and chitotriose.
To test the possible role of ChbG as a deacetylase, we examined the growth of the chbG mutant on the deacetylated form of chitobiose, i.e., chitosan dimer, a disaccharide of N-glucosamine (see Fig. S1 in the supplemental material). It lacks the acetyl groups on both monomer moieties. The wild-type parent showed poor growth on this sugar compared to growth on chitobiose (Table 2) , which is most likely to be due to the inability to overcome the NagC-mediated repression since N-glucosamine-6-phosphate (GlcN-6-P) produced by the hydrolysis of chitosan dimer is a poor inducer of the NagC repressor compared to N-acetylglucosamine-6-P (GlcNAc-6-P) (3, 46) . Growth of the strain could be restored by deleting the nagC locus (Table 2) , thereby overcoming the repression by NagC. The complete absence of any growth in the case of the permease (chbA) mutant and the phospho-␤-glucosidase (chbF) mutant compared to the parent strain when NagC is inactive suggests that chitosan dimer is transported and hydrolyzed by the chb operon (Table 2) . Interestingly, a double-mutant strain carrying deletions of nagC and chbG showed growth on chitosan dimer similar to the nagC mutant ( Table 2 ), indicating that, unlike for chitobiose and chitotriose, chbG is dispensable for growth on chitosan dimer if NagC repression can be abrogated. This observation suggests that chbG encodes a deacetylase that removes the acetyl group from chitobiose and chitotriose.
ChbG is a monodeacetylase. The question arises as to whether ChbG removes one acetyl group or all of the acetyl groups from chitooligosaccharides. The difference in the growth of the wildtype strain on chitobiose and chitosan dimer is most likely due to the difference in the efficiency of NagC derepression by GlcNAc-6-P and GlcN-6-P, expected to be generated by the hydrolysis of chitobiose and chitosan dimer, respectively. The ability to grow on chitobiose indicates that GlcNAc-6-P is produced and can relieve NagC-mediated repression. In order to account for GlcNAc-6-P production, we hypothesize that ChbG removes the acetyl group only from the nonphosphorylated end of chitobiose-6-P, resulting in monoacetylchitobiose-6-P that upon subsequent hydrolysis by the phospho-␤-glucosidase ChbF generates the inducing signal for NagC, GlcNAc-6-P.
To test this possibility, chitobiose was incubated with purified ChbG protein and the products were analyzed by MS using MALDI-TOF and ESI-MS. The molecular mass of chitobiose is 424. 40 . In MALDI-TOF, chitobiose dissolved in water was detected as (MϩNa) ϩ that corresponds to a mass of 447 (Fig. 2B) . A product of mass 405 that differs in mass by 42 was also observed (Fig. 2C and D) . This peak was absent in reactions without the enzyme or the substrate (Fig. 2E and F) . The mass difference of 42 corresponds precisely to the removal of one acetyl group (CH 3 CO), suggesting that incubation of chitobiose with ChbG results in the generation of monoacetylchitobiose (GlcNAcGlcN). The activity of the enzyme was independent of the addition of magnesium to the reaction mixture (Fig. 2D) . The reaction products were also analyzed by ESI-MS. In ESI-MS, chitobiose was detected both as (MϩNa) ϩ and (MϩH) ϩ , corresponding to masses of 447 and 425, respectively (Fig. 3A) . The product after removal of one acetyl group should correspond to a mass of 405 in the (MϩNa) ϩ form and 383 in the (MϩH) ϩ form. The product of complete deacetylation should correspond to a mass of 363 in the (MϩN) ϩ form and 341 in the (MϩH) ϩ form. Consistent with the removal of one acetyl group, products corresponding to masses of 405 and 383 were observed (Fig. 3B ), which were absent in the reaction without the enzyme. No products corresponding to masses of 363 and 341 were observed (Fig. 3B) , indicating that ChbG removes only one acetyl group from chitobiose.
Growth of wild-type E. coli on chitobiose is the outcome of ChbR-mediated induction of expression of chb genes and the subsequent hydrolysis of the sugar by ChbF. The modified product, monoacetylchitobiose-6-P, could be involved in the regulation of the operon by acting as the inducer of ChbR. Alternatively, it could be the substrate for the phospho-␤-glucosidase ChbF that could hydrolyze only the deacetylated form of chitobiose. The two alternative possibilities were tested independently.
ChbG function is required to generate the inducer for the chb operon. To test the possible involvement of chbG in the activation of the chb promoter, ␤-galactosidase activity from a chromosomal chb-lacZ transcriptional fusion was measured in the ⌬chbG mutant, JM-chb1⌬chbG, in the presence of chitobiose and chitotriose. No induction was observed in the presence of either glucoside. Induction was restored upon the introduction of a plasmid expressing wild-type chbG (Fig. 4A ), indicating that chbG activity is necessary at a step involved in the transcriptional activation of the chb promoter. Induction was normal in the presence of chitosan dimer in the ⌬chbG mutant when NagC repression was abrogated by deleting nagC, whereas chitobiose and chitotriose continued to be ineffective as inducers under the same conditions (Fig. 4B) . The requirement of ChbG activity for induction by chitobiose and chitotriose, but not by chitosan dimer, indicates that deacetylated chitobiose and chitotriose provide the induction signal necessary for the activation of the ChbR regulator.
Induction by cellobiose was normal in the absence of chbG function when the ⌬chbG::kan deletion was moved into the strain JM-Rji89 that harbors a deletion of nagC and the chbR-N238S allele that responds to both cellobiose and chitobiose (Fig. 5A) , corroborating the observation that chbG has no role in the growth on cellobiose. Interestingly, activation of the chb promoter was not appreciably reduced in the strain in the presence of chitobiose, indicating that ChbR-N238S can respond to chitobiose even in the absence of chbG function (Fig. 5A ). Other Cel ϩ mutants carrying different activating mutations in chbR that responded to both chitobiose and cellobiose were also independent of chbG function for induction of the chb operon in the presence of chitobiose (Fig.  5A) . These results are consistent with the role of ChbG as a deacetylase of chitooligosaccharides necessary for the induction by ChbR. Its absence can be overcome in the case of deacetylated substrates such cellobiose and chitosan dimer and by ChbR mu-tants that can recognize both the acetylated and the deacetylated sugars.
To test whether hydrolysis of the chitooligosaccharides is necessary for induction, we measured the activation of the chb promoter in a strain deleted for the chbF gene encoding the phospho-␤-glucosidase. As described above, NagC repression was abrogated by deleting the nagC locus. Normal induction was seen in the ⌬nagC ⌬chbF double mutant in the presence of all sugars tested (Fig. 6) . However, in the ⌬nagC ⌬chbF ⌬chbG triple mutant, induction, which remained unaffected in the presence of chitosan dimer, was lost in the presence of chitobiose and was restored by expressing wild-type chbG from a plasmid (Fig, 6) . These results confirm that deacetylated chitobiose-6-P and chitotriose-6-P act as the inducing signal of the chb operon by activating ChbR and their hydrolysis is not necessary to generate the induction signal. Since chitosan dimer is already deacetylated, it bypasses the requirement of deacetylation by ChbG for induction.
ChbG function is also essential for the hydrolysis of chitobiose and chitotriose. If deacetylation is required only for the ChbR-mediated activation of the chb promoter, ChbR-independent expression of the phospho-␤-glucosidase ChbF and permease ChbBCA without functional chbG should be sufficient to support growth on chitobiose. To test this possibility, the chb permease and phospho-␤-glucosidase were expressed in the absence of chbG from the plasmid pchbBCAF (29) in strain JMRji102, which carries a deletion of the entire chb operon and the nagC locus. Expression of the enzymes is driven by the IPTG-inducible P lac promoter, independent of ChbR-mediated activation. The deletion of nagC in the strain ensures constitutive expression of NagA and NagB, which are necessary at steps subsequent to hydrolysis by ChbF that generates monomers. The strain showed normal growth on chitosan dimer and cellobiose (Table 3) . Growth on cellobiose confirmed the expression of the chb permease and phospho-␤-glucosidase from the plasmid, and growth on chitosan dimer confirmed the expression of NagA and NagB since growth on chitosan dimer requires NagB for the deamination of the monomers. However, the strain failed to grow on chitobiose and chitotriose (Table 3) . Growth was restored by introducing wild-type chbG on another compatible plasmid p99A-wt-chbG ( Table 3 ). Given that the transport functions are normal, this observation suggests that the deacetylase activity of ChbG is also required for the hydrolysis of chitobiose and chitotriose, most likely at the step of cleavage by ChbF. Consistent with this, the Cel ϩ mutants carrying gain of function mutations in chbR that could bypass the requirement for chbG for induction (Fig. 5A ), failed to grow on chitobiose in the absence of functional chbG while showing normal growth on chitosan dimer and cellobiose under the same conditions (Table 4) . Therefore, monoacetylchitobiose-6-P produced by ChbG is the inducer of ChbR, as well as the likely substrate of ChbF.
Effect of substitution of conserved residues on chbG function. ChbG belongs to the YdjC family of proteins that are conserved in bacteria and eukaryotes. The crystal structure of one of the proteins of the YdjC family, Thermus thermophilus protein TTHB029, revealed three putative metal-binding residuesAsp21, His60, and His127-that were presumed to coordinate 
Mg
2ϩ ion in the predicted active site (28) . Based on sequence alignment, all three residues were found to be fully conserved across the YdjC family (28) . Mutants of E. coli chbG were generated by substitution of the corresponding three conserved residues Asp11, His61, and His125 with alanine. The mutant chbG alleles carried on plasmids were tested for their ability to restore the activation of the chb promoter in the chbG-null strain, JMchb1⌬chbG. The mutants were unable to restore induction (Fig.  7) and growth on chitobiose ( Table 5 ), demonstrating that these residues are critical for the function of ChbG; this is consistent with its predicted role as a deacetylase. However, when the expression was induced by adding 0.1 mM IPTG, chbG-H61A and chbG-H125A showed induction (Fig. 7) and could restore growth ( Table  5 ), suggesting that higher levels of expression of these two mutants can suppress the effect of the mutations.
Although the chbG gene of Shigella sonnei shows 94% identity with that of E. coli at the protein level, it carries a tyrosine residue at position 61 along with additional mutations (see Fig. S3 in the supplemental material). Based on the results with the chbG-H61A mutant of E. coli, the tyrosine residue at position 61 of S. sonnei ChbG is expected to render the protein nonfunctional. Indeed, chbG of the S. sonnei strain AK1 could not restore the induction or growth of the chbG-null strain of E. coli, JM-chb1⌬chbG, in the presence of chitobiose (Table 5) . IPTG-induced overexpression of S. sonnei chbG, unlike that of the E. coli mutant chbG-H61A, did not show induction of the chb promoter (Fig. 7) , suggesting that changes at other positions (see Fig. S3 in the supplemental material) have made it completely nonfunctional. Consistent with this, S. sonnei was unable to utilize chitobiose as a sole carbon source but regained the ability upon expressing E. coli chbG from a plasmid (Table 6) .
The Vibrio cholerae homologue of chbG can rescue the effect of the chbG mutation. The locus A0904 of V. cholerae 0395, which encodes a homolog of the E. coli chbG gene, shows 39% identity at the level of amino acid sequence with E. coli ChbG. A plasmid carrying the chbG gene of Vibrio cholerae fully supported the growth of the E. coli chbG mutant on chitobiose (Table 5) and restored a full level of induction (Fig. 7) , demonstrating that the function of chbG is conserved in both organisms.
DISCUSSION
In the present study, we sought to elucidate the role of the chbG gene of the E. coli chb operon in the utilization of chitooligosaccharides. Examination of the growth of a chbG deletion mutant on different ␤-glucosides showed that chbG is essential for growth on chitobiose and chitotriose; however, it is dispensable for growth on cellobiose and chitosan dimer, both lacking acetyl groups. ChbG function, while being essential for the acetylated sugars, is dispensable for sugars lacking the acetyl group, suggesting that it encodes a deacetylase. We could not detect any hydrophobic domain or signal peptide in ChbG, and during purification the protein was contained in the cell lysate, suggesting that it is a cytosolic protein. MS analysis indicated that it removes only one acetyl group that is likely to be from the reducing end of chitobiose since the phosphate group is attached to the nonreducing end during transport by the Chb permease (35) . Deacetylation at the same end as the phosphate would result in GlcN-6-P instead of GlcNAc-6-P after hydrolysis by ChbF, which is a poor inducer of NagC.
MS analysis of deacetylation by ChbG was carried out with the unphosphorylated substrate since the phosphorylated substrate was unavailable. Although ChbG showed activity on chitobiose, no deacetylation activity was seen with the monomer N-acetylglucosamine (data not shown).
In addition to the chbG homolog, a chitooligosaccharide deacaetylase (COD) that is secreted by V. cholerae and V. parahaemolyticus has been shown to induce its own expression in the presence of chitobiose by removing the acetyl group from the nonreducing end of chitobiose, thus producing monoacetylchitobiose, which then acts as the inducing signal (27, 39) . Neither the wild-type V. cholerae COD nor the truncated version without its signal peptide could restore induction of the chb operon by chito- Genes carried on plasmid
Growth on ␤-glucosides as sole carbon source
a ϩ and -, normal growth and no growth, respectively. (GlcNAc) 2 , (GlcN) 2 , (GlcNAc) 3 , (Glc) 2 , and Gly represent chitobiose, chitosan dimer, chitotriose, cellobiose (2 mM), and glycerol, respectively. biose in the chbG mutant of E. coli when expressed from a plasmid (see Fig. S4 in the supplemental material). This could be attributed to different specificities of these two deacetylases as the V. cholerae COD deacetylates the residue on the nonreducing end, whereas deacetylation by E. coli ChbG is expected to occur from the reducing end. The utilization of chitooligosaccharides facilitated by the chb operon involves induction of the chb genes in response to availability of ␤-glucosides and their subsequent hydrolysis. Induction is normally achieved by the abrogation of NagC repression and the subsequent activation of the chb promoter by ChbR and CRPcAMP (45) . Disruption of chbG in a strain carrying a chb-lacZ fusion, in which nagC and chbF were deleted eliminating NagCmediated repression and phospho-␤-glucosidase function, respectively, resulted in the loss of induction in the presence of chitobiose but not chitosan dimer. These observations indicate that the product of deacetylation, monoacetylchitobiose-6-P, is required for the ChbR-mediated activation of the promoter. In the nagC chbF strain, chitosan dimer produced similar levels of induction compared to chitobiose, suggesting that the completely deacetylated form, chitosan dimer-6-P, and the partially deacetylated form, monoacetylchitobiose-6-P, can act as inducers of ChbR, but not the completely acetylated form. Hydrolysis of the dimer by ChbF is not necessary to generate the induction signal for ChbR activation, but it is necessary for the derepression of NagC.
Alteration in the specificity of regulatory proteins for the recognition of their cognate effector molecules is a theme with applications in the evolution of new metabolic functions and the design of genetic switches (15, 25, 29, 51) . Mutations altering the specificity of AraC from its cognate inducer L-arabinose to D-arabinose and fucose have been identified (58, 63) . The requirement of deacetylation of chitooligosaccharides for recognition by ChbR is interesting because ChbR needs a gain-of-function mutation to respond to cellobiose that differs from chitosan dimer only in terms of lacking the amino groups (29) . The absence of the amino groups in cellobiose makes it necessary to have a mutational modification of ChbR for it to recognize cellobiose. As in the case of chitosan dimer, hydrolysis is not required in the case of cellobiose for it to function as an inducer (see Fig. S2 in the supplemental material), suggesting that cellobiose-6-P is the inducing signal for the mutant ChbR to activate the chb promoter. Surprisingly, Cel ϩ strains that carry the activating mutations in chbR can respond to chitobiose as an inducer even in the absence of deacetylation by ChbG, indicating that the alterations in ChbR allow recognition of the disaccharide that carries acetyl and amino groups.
In addition to producing the signal metabolite for activating ChbR, deacetylation is also essential for the subsequent hydrolysis of the ␤-glucosides by ChbF since ChbR-independent expression of the permease and phospho-␤-glucosidase does not enable growth on chitobose and chitotriose in the absence of ChbG function. These observations suggest that ChbF cannot hydrolyze the fully acetylated chitooligosaccharides. The activity of this enzyme has been tested for cellobiose-6-P, salicin-6-P, and gentiobiose-6-P but not for any substrate containing acetyl groups (60) . Therefore, the role of ChbG is significant in converting chitobiose and chitotriose to a form that enables them to be recognized by both ChbR as an inducer, as well as by the phospho-␤-glucosidase ChbF as a substrate. Based on these results, a model of chitooligosaccharide utilization by E. coli is presented in Fig. 8 . During growth on chitobiose, ChbG removes one acetyl group from chitobiose-6-P, generating monoacetylchitobiose-6-P, the inducer for ChbR as well the substrate for ChbF. Hydrolysis of monoacetylchitobiose-6-P by ChbF produces GlcNAc-6-P, the signal for NagC derepression, and GlcN. Subsequent activation of ChbR by monoacetylchitobiose-6-P leads to induction of the chb operon. GlcNAc-6-P is metabolized by NagA and NagB enzymes, which is consistent with the failure of nagA and nagB mutants to grow on chitobiose (Table 2) . GlcN could be converted into GlcN-6-P by an unknown kinase. Vibrio cholerae has a kinase of GlcN (44) but no homolog is present in E. coli. However, mannose-fructose kinase of E. coli has been shown to phosphorylate GlcN with very low efficiency (52) . Chitosan dimer-6-P can act as inducer for ChbR, but its hydrolysis by ChbF does not produce GlcNAc-6-P required for NagC derepression, resulting in poor induction and consequently poor growth. However, normal growth can be restored by a deletion of nagC.
The locus VC1280 that encodes COD in V. cholerae EI Tor N16961 is transcribed from a divergent promoter opposite to the cluster of the six genes VC1281 to VC1286 constituting the chs operon, a homolog of the chb operon of E. coli (8) . Interestingly, the expression of these genes, including VC1280, has been shown to be upregulated at the mRNA level in the presence of chitosan dimer (41) . Chitin degradation is a major source of carbon and nitrogen for the Gram-negative marine bacteria belonging to the genus Vibrio and has been implicated in inducing competence and colonization during pathogenesis in Vibrio cholerae (40, 48) . Although chitin degradation is one of the well-studied processes in vibrios, the complete mechanism involved is still not fully understood. The process involves a cascade of chemotaxis, attachment, degradation of chitin polymer into oligosaccharides by chitinases, and eventually utilization of the oligosaccharides as a carbon and nitrogen source (33) . A large number of genes have been shown to be involved in the process; many of these genes, including the chbG homolog, have not been characterized (41) . The homolog of chbG from V. cholerae 0395 could restore growth and showed levels of induction similar to E. coli chbG demonstrating that the chbG homolog of Vibrio cholerae has function identical to that of the E. coli gene. The complex process of chitin degradation might require deacetylases with different specificities, making it necessary for V. cholerae to carry two deacetylases, one of them, the secreted COD, acting on the nonphosphorylated substrate present outside the cell.
Shigella strains have lost many genes compared to both pathogenic and nonpathogenic strains of E. coli, possibly due to the different lifestyles of these two closely related organisms, leading to reduced selection pressure on many genes (22, 26) . The genes involved in carbon utilization, cell motility, and transport are more likely to be lost than others (22) . It has been reported that Shigella boydii Sb227 and S. dysenteriae Sd197 have already lost all of the genes of the chb operon and that S. flexneri 2a 301 and S. flexneri 5 8401 have acquired nonsense mutations in chbR that encode the primary regulator of the chb operon (22) . Although there is no apparent deletion of chb genes in S. sonnei Sso46, we found that the chbG homolog has lost its activity. Many E. coli O157:H7 strains also carry a histidine-to-asparagine substitution at the conserved position 61 that is critical for the function of E. coli chbG. It appears from these observations that the utilization of chitobiose may not be important for the pathogenic lifestyles of these strains. The relevance of chitobiose utilization in the growth and physiology of E. coli in its primary habitat, the mammalian intestine, remains unclear. Chitin is thought to constitute a part of the diet of mammals, and chitinolytic bacteria have been identified in the mammalian digestive tract (55) . Therefore, it is likely that chitobiose is encountered in the mammalian intestine. ChbG belongs to the YdjC family comprising both prokaryotic and eukaryotic proteins. The substitution of conserved metal binding residues of the predicted active site resulted in the loss of ChbG function. It is noteworthy that Xenopus, mouse, zebrafish, and human genomes carry homologs of chbG that show 29, 31, 28, and 29% identities in amino acid sequence, respectively, to that of E. coli. Genome-wide association studies in humans have recently linked this locus to inflammatory diseases of the intestine, celiac disease, ulcerative colitis (UC), and Crohn's disease (CD) (5, 20, 24, 61) . The pathology of these diseases is similar. In genetically susceptible individuals, a chronic inflammation is induced in the small intestine by wheat, rye, and barley cereal proteins in celiac disease. In UC and CD, two major clinical forms of inflammatory bowl diseases (IBD), it is the intestinal microbiota that causes inflammation (5, 20) . In a study aimed at identifying novel serological markers of IBD, antibodies against chitobiose were detected in the serum of patients with these diseases (19) . Chitobiose as a component of chitin can also be found on the cell walls of many pathogenic microorganisms, suggesting a possible role of human ChbG in the pathology of these diseases. Interestingly, the synthesis of chitooligosaccharides has been shown to occur during the embryogenesis of Xenopus, mice, and zebrafish (54) . In zebrafish, chitooligosaccharides have been shown to constitute one of the patterning agents during embryogenesis (53) . The chitobiose moiety is also known to be present in proteoglycans, which have diverse functions in the development and physiology of organisms (21) . Elucidating the function of the E. coli chbG could provide insights into the role of its homologs in development and inflammatory diseases of the intestine.
